Roskoski, J. P. and van Kessel, C. 1985. Annual, seasonal and diel variation in nitrogen fixing activity by Inga jinicuil, a tropical leguminous tree. -Oikos 44: 30 (-312. Patterns in nitrogen-fixing activity by Inga jinicuil Schl., a leguminous shade tree in Mexican coffee plantations, were monitored over a three-and-half year period using acetylene reduction. Year to year variation was unexpectedly large; mean annual fixation equalled 35 kg N ha -1 yr -1 , which constitutes a significant nitrogen input to the coffee ecosystem. Nitrogen-fixing activity occurred throughout the year but was highest during the summer and autumn when precipitation and temperature were at a maximum and when the majority of tree growth and reproduction occurred. I. jinicuil flowered twice annually and nodular activity peaked once during each reproductive cycle, with maximum activity after flowering in the first reproductive cycle and before flowering in the second. Diel fluctuation in nitrogen fixation rates were obtained on most but not all sampling dates, but the observed patterns of activity varied from date to date. Aside from an activity peak that occurred at 1900 hours averaged rates of nodular activity were remarkably constant throughout the day. Nodules from seedlings fixed 35% more nitrogen than 30-yr-old-trees but had a similar diel activity pattern. Overall, the results show that variability in nitrogen-fixing activity was large between years, pronounced but explainable between months, and relatively small between hours of the day. The timing of maximum and minimum activity, both seasonally and daily, differed significantly from what has been reported for most other nitrogen-fixing species. 
Introduction
Leguminous trees are abundant in many primary and successional tropical forests (Knight 1975 , Rzedowski 1978 , Formann and Hahn 1980 , Sylvester-Bradley et al. 1980 but little is known about their biology or ecology. Recently, world interest in tree legumes has increased because many are fast-growing and can supply resources needed by developing tropical nations (N.A.S. 1980 (N.A.S. , Brewbaker et al. 1982 .
Woody legumes can provide high-protein forage and fodder, nitrogen-rich green manure, fuel, timber, other wood products, and help control soil erosion (N. A.S. 1977 , Roskoski et al. 1982 , Brewbaker et al. 1982 . In addition, many leguminous trees fix atmospheric nitrogen thereby increasing the nitrogen content of ecosystems in which they occur (N. A.S. 1977 A.S. , Roskoski et al. 1982 . Despite the potential importance of nitrogen inputs to natural and agro-ecosystems in the tropics from tree legumes, many aspects of nitrogen fixation by these species are poorly understood. In particular, little data exist on temporal variations in nitrogen-fixing activity.
In 1979 we began an investigation to quantify annual nitrogen inputs to the coffee ecosystem from nitrogen fixation by a leguminous shade tree, Inga jinicuil Schl. Quantification of annual fixation required data on temporal variations in both nodular biomass and activity. This paper presents the results of those studies which assessed annual, seasonal, and diel variation in nitrogen fixing activity by I. jinicuil.
Materials and methods
The study took place in and near Xalapa, Veracruz, Mexico; 19°27'N, 96°W, 1225 m a..s.l. The climate of the area is classified as semi-hot humid, with warm summers and cool winters (Garcia 1970) . Annual mean temperature is 19° ± 2°C, and annual precipitation averages 1758 ± 193 mm. The soil is an inceptisol, suborder-andept, derived from volcanic ash, with a high content of phosphorous-fixing allophanic clays (Ramos et al. 1982) .
Inga jinicuil is not native to the Xalapa area. It occurs naturally in secondary vegetation derived from perennial tropical forests (Rzedowski 1978) , and was introduced into the Xalapa region around AD 1900 as a shade tree for coffee plantations.
Nodules were collected from a coffee plantation containing I. jinicuil shade trees (205 ha -1 ), coffee plants (1600 ha -1 ), and sparse ground cover dominated by Commelina spp. (Jimenez-Avila 1979) . The Inga trees were 14-16 m in height and had a mean DBH of 33.9 ± 1.48 cm. Growth ring analysis indicated that the trees were approximately 30 yr old.
Once a month from March 1979 through April 1982, 10 nodule samples were randomly collected at 0700, 1000, 1300, and 1600 hours and assayed for nitrogen-fixing activity using the acetylene reduction technique (Hardy et al. 1973) . Care was taken to include at least two cm of root containing the nodule sampled. In addition, from October 1979 through October 1980, 10 nodule samples were also collected at 1900, 2300, 0300, 0700, 1000, 1300, and 1600 hours and assayed for nitrogen fixing activity. At each sampling time on each day soil temperature at a depth of 5 cm was measured and the phenological state of the trees was recorded. Moles C 2 H 2 reduced was converted to moles N 2 fixed using an empirically determined ratio of 3.6:1 (van Kessel et al. 1983) . After assay, nodules were separated from the attached root segment, weighed fresh, oven-dried for 48 h at 80°C, and reweighed.
In September 1980, nodules from one-year-old seedlings, which had been grown in plastic bags containing soil from the same area as the coffee plantation, were assayed for nitrogen-fixing activity at the same time as the adult trees. Shoots were removed from five seedlings/sampling time and the roots + nodules carefully extracted from the soil. Two nodule samples were selected from each root mass and individually assayed for nitrogen-fixing activity. After assay, nodules were dried and weighed as described above.
Statistical treatment of the data was done with the SPSS (Statistical Programs for Social Sciences) package of programs and a CYBER 175 computer.
Results and discussion Annual variation in N 2 fixation
Data for 0700, 1000, 1300, and 1600 hours from June through October 1970-1981 were analyzed for differ- 01KOS 44:2 (1985) ences in annual nitrogen-fixing activity. Only data for June through October were used because assays had been performed in each of these. months in each year and these five months accounted for 60%, 71%, and 59% of the total annual fixation calculated for 1979, 1980, and 1981, respectively. Analysis of variance revealed that three annual means were significantly different (F of 38.10, df = 2/ 817, p < 0.0001). Duncan's multiple range test, run at a significance level of 0.05, furthermore showed that each annual mean was significantly different from every other mean (Tab. 1). The highest annual rate was found in 1980 and the lowest in 1979.
No other studies have examined annual variations in nitrogen fixation rates by woody perennial legumes. At an age of thirty years, the Inga trees are reproductively mature, have a stabilized leaf biomass, and might be assumed to have a relatively constant nitrogen demand from year to year. Thus the marked yearly variation we observed was unexpected. Two phenomena which began in 1980 may be responsible for the increased yearly activity seen in 1980 and 1981.
Until 1980 the study area had been fertilized with N-P-K or urea at rates of 45 to 157 kg N ha -1 yr -1 . Starting in 1980 no fertilizer was applied. Since I. jinicuil only fixed 20% of its annual nitrogen demand when fertilizers were being used, the withdrawal of fertilizer nitrogen may have promoted an increase i n nitrogen fixing activity. At the same time nodulation and nitrogen fixation by I. jinicuil are strongly inhibited by fixed nitrogen compounds (van Kessel and Roskoski 1981, 1983) . Cessation of fertilization would lead to a decreased level of fixed nitrogen in the soil thereby reducing inhibition of nitrogen fixation.
A second factor that may have been responsible for the increase of yearly activity was a severe insect defoliation which occurred in June and July 1980. As a result of this perturbation all foliage was stripped from the trees and the developing, immature pods abscissed. Evidence from other species showed that after defoliation nodule biomass first drops (Bowen 1959 , Butler et al. 1959 , Whiteman 1980a , Igwilo 1982 and then rises as a flush of new nodules occurs (Butler et al. 1959 , Whiteman 1970a . Apparently, new nodules may be more active than pre-defoliation nodules (Igwilo 1982) . In addition to defoliation, depodding can stimulate nitrogen fixing activity. Several studies have shown that depodding, by removing a competing photosynthetic sink, results in increased nitrogen fixing activity by nodules (Lawrie and Wheeler 1974 , Ham et al. 1975 , Young 1982 . Thus the combined effects of cessation of fertilization, defoliation, and depodding may be responsible for the high annual rate of fixation observedfirst in 1980.
Annual nitrogen fixation calculated using the experimentally determined C 2 H 4 :
15 N2 ratio of 3.6:1 (van Kessel et al. 1983) , ranged from 23.4 to 44.6 kg N ha -1 . Mean annual fixation based on three years data was 36 kg ha -1 , which equals 22 to 78% of the amount of nitrogen applied via fertilizer (Roskoski 1981) .
Seasonal variation in N 2 fixation
Monthly means, based on data from all years and hours 0700 through 1600, were significantly different (F of 24.91, df = 11/1292, p < 0.0001). Monthly activity was highest in October and lowest in January and April (Tab. 2). In general, activity was high in the summer and autumn (June through October) and low in the winter and spring (November through April). Duncan's multiple range test indicated that three significantly different groups of means existed. Group 1 was composed of months July and October, group 2 contained means for June and September, and group 3 contained all other means (Tab. 2). Fig. 1 presents plots of mean monthly temperature, precipitation, nitrogen fixing activity, and the observed phenology of I. jinicuil. April is the first month on the graphs since this is when flowering starts, thus beginning the phenological year. Air and soil temperatures on any one date are similar and will be referred to collectively as temperature in the following discussion.
When flowering begins in April, temperature approximates the yearly mean of 19°C, but precipitation and nodular activity are at their yearly minimum. As flowering continues in May, temperatures rise to yearly maximum, and precipitation and nitrogen fixing activity begin to increase. Temperature falls slightly in June as the summer rains begin. During this period nodular activity continues to rise and several important phenological events coincide. Pod development begins, new leaves flush out, and an abundance of new pink nodules are observed in the field. From June through October temperatures remain relatively constant. In July precipitation falls slightly from June levels but nitrogen fixing activity reaches one of its two yearly maxima. New leaves are still being produced and pod filling continues.
Pods begin to fall in August concomitant with a marked decrease in precipitation and nodular fixation.
The five month period (April through August), just discussed, could be characterized as the time of peak biomass production when nitrogen demands for developing vegetative (leaves) and reproductive (flowers and pods) structures is high. Interestingly, the highest nodular activity does not occur at the beginning of this period but near the end. The late peak in activity may be because leaf biomass, which produces the photosynthate vital for nitogen fixation, does not reach its maximum until after flowering and well into pod-filling (Jimenez-Avila and Martinez-Vara 1979).
In September, precipitation increases markedly and nitrogen fixing activity rises from its August level. During the same time the last of the pods are falling, but otherwise there is little phenological activity. A pulse of leaf fall occurs in October concurrent with a drop in precipitation. At the same time a second peak in nitrogen-fixing activity occurs and new pink nodules are again abundant. Winter starts in November with a fall in temperature and precipitation. Curiously a second flowering also occurs in November, but only in 1981 were pods produced after the winter flowering.
The winter months are characterized by low temperature, precipitation, and nodular activity. Aside from the February pod production in 1981, mentioned above, little phenological activity occurs. A second pulse of leaf fall occurs in March, the only time of the year when evapotranspiration exceeds precipitation. (Jimenez Avila and Goldberg 1982) .
Seasonal changes in nodular activity closely mirror seasonal variation in precipitation and to a lesser degree temperature. Similar relatonships between moisture, temperature and nitrogen fixation have been documented for other trees (Tripp et al. 1979 , Hingston et al. 1982 , H6gberg and Kvarnstr6m 1982 , shrubs (Schwintzer et al. 1982) , and herbs (Whiteman and Lulham 1970, Whiteman 1970a, b) .
Examination of nodular activity during each flowering-fruiting period suggests that two different patterns occur. During the first reproductive period (April through August), maximum activity occurs after flowering and during pod-filling. This pattern, through not extremely common, has been observed for both annual (Harris et al. 1968 , Ham et al. 1976 , Mague and Burris 1972 , Igwilo 1982 and perennial (Bowen 1959 , Whiteman 1970b legumes. Nitrogen-fixing activity associated with the second reproductivecycle (October through February) is highest prior to flowering and low during pod-filling. This is the pattern most commonly encountered in seasonal studies on nitrogen fixation (Bond 1936 , Weber et al. 1971 , Lawrie and Wheeler 1973 , 1974 , Sprent 1976 , Young 1982 . I. jinicuil seems to be unique in that it possesses two patterns.
Diel variation in N2 fixation: adult trees
The data for all assays conducted between October 1979 and October 1980 were used to test for differences in hourly activity. Large variations were found in diel patterns. Nitrogen fixation rates were constant throughout the day on some assay dates and fluctuated dramatically in others. Nevertheless, analysis of variance revealed that hourly means were significantly different (F of 5.43, df = 6/1319, p < 0.0001). Highest nitrogen-fixing activity occurred at 1900 hours, and was almost twice the lowest activity found at 1600 hours; 4.34 ± 0.36 vs 2.39 ± 0.16 ìmoles N 2 g -1 nodules h -1 (Fig. 2) . However, Duncan's multiple range test showed that only two significantly different groups of means existed: one group composed of the single mean for 1900 hours and a second group containing all other hourly means. Two 44:2 (1985) gen needed for this growth may promote high nodular activity at 1900 hours.
Diel variation in N 2 fixation: seedlings vs. trees Nitrogen-fixing activity for nodules from 1-yr-old seedlings and 30-yr-old trees was found to be significantly different (F of 3.70, df = 210, p < 0.001). Activity of nodules from seedlings was 35% higher than for trees; 6.26 vs 4.60 moles N 2 fixed g -1 nodules h -1 . Similar findings have been reported for alder (Wheeler and Lawrie 1976) and Leucaena leucocephala (H6gberg and Kvarnstr6m 1982) .
While mean rates of activity varied between seedlings and trees, the diel patterns for both were similar (Fig. 3) . On day 1, which was sunny, a drop in activity occurred at midday. Nodular activity then rose to a peak at 1900 hours, fell at 2300, and rose again at 0300 hours. On both day 1 and 2 nitrogen-fixing activity rose for seedlings and fell for trees between 0700 and 100 hours. This is the only major difference in the patterns between the seedlings and the trees. At present, the reason for this difference is unknown. On day 2, which was rainy, no midday drop in activity occurred. Activity rose at midday and continued to rise through the afternoon.
The midday drop in activity on day 1 and increase in activity on day 2 paralleled photosynthetic patterns reported for some trees on sunny vs cloudy. On hot, sunny days, excessive water loss from evapotranspiration can cause stomatal closure at midday when light intensity is highest. In contrast, on cloudy days moisture stress is less and a midday peak in photosynthesis often aspects of these results are noteworthy: the lack of a consistent diel pattern and the daily maximum occurring at 1900 hours.
Most studies on diel nitrogen-fixing activity whether by herbaceous (Greig et al. 1962 , Bergensen 1970 , Mague and Burris 1972 , Hardy and Havelka 1976 , Pate 1976 or woody (Wheeler 1969 , Langkamp et al. 1979 , Tripp et al. 1979 , H6gberg and Kvarnstrdm 1982 nitrogen-fixing species, found well defined diel patterns. In contrast, Fessenden et al. (1973) encountered no diel pattern for Myrica gale but concluded that the small sample size may have been responsible. Such an explanation in our study is unlikely since we assayed over 1300 samples during a 12 month period. Cloudy conditions are known to depress diel fluctuations Wheeler 1973, Hardy and Havelka 1976) . However, in the study on Inga, sunny days were just as likely as cloudy ones to have pronounced diel fluctuations. Consistent diel patterns were found for one species of alder (Tripp et al. 1979) but not for another (Akkermans et al. 1976, Wheeler and Lawrie 1976) . Interestingly, 2-yrold Alnus glutinosa had no diel pattern but 6-month-old seedlings did (Wheeler and Lawrie 1976) . Apparently, whether a consistent diel pattern is obtained may depend on the species studied, its age, and probably environmental conditions during the assays.
Maximum rates of nitrogen fixing activity are usually encountered at midday when light intensity is highest (Greig et al. 1962 , Bergensen 1970 , Hardy and Havelka 1976 , Langkamp et al. 1979 . However a few studies have found, as we did with Inga, highest activity in the late afternoon (Mague and Burris 1972) or early evening (Wheeler and Lawrie 1976) . Although the authors of the above studies attributed afternoon maxima to more favorable temperatures than at midday, such an explanation seems unlikely for 1. jinicuil. The difference between the daily minimum and maximum temperatures rarely exceeded 3°C in our study. A more likely explanation may be related to the growth periodicity of trees.
Shoot elongation and diameter growth of trees occur primarily at night (Kramer and Kozlowski 1960) . Nitro-occurs (Kramer and Kozlowski 1979) . Since nitrogen-fixing activity depends on the supply of current photosynthate (Greig et al. 1962 , Wheeler 1971 , Pate 1977 ), a dip in activity o n day 1 and rise in activity on day 2 appear consistent with known photosynthetic patterns for some tree species.
Conclusions
Annual, seasonal, and diel nitrogen-fixing activity of I. jinicuil were quite variable. Year to year variation was large and difficult to explain. Accurate characterization of annual fixation by this or similar species may therefore necessitate long-term studies. Nitrogen fixation by 1. jinicuil makes a significant nitrogen input to the coffee ecosystem.
Monthly fluctuations in nodular activity are considerable and appear related to the integrated effects of climate on tree phenology. Because peak activity occurred at different times in the two annual reproductive cycles, it may be advisable to sample nodular activity throughout as much of the phenological year as possible. This would be particularly important for tropical evergreens that flower several times annually.
Diel activity patterns were pronounced on some days and absent on others. Combining all data yielded a diel pattern with a peak at 1900 hours and relatively constant rates throughout the rest of the day. Clearly, sampling only at midday or during the daylight hours, as diel patterns for most other species would suggest, would miss the peak rate and underestimate daily activity.
The uniqueness of the temporal patterns in nitrogenfixing activity by I. jinicuil suggests that future studies on annual fixation by previously unstudied legumes, whether woody or herbaceous, should be of a longer duration than is presently customary.
